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ABSTRACT 
Nickel (Ni) laterites are regolith materials derived from ultramafic rocks and play an important role in the world's 
Ni production. Ni-laterite deposits are the supergene enrichment of Ni formed from the intense chemical and mechan-
ical weathering of ultramafic parental rocks. In Vietnam, the weathering profile containing Ni laterite was first dis-
covered in the Ha Tri massive (Cao Bang). This profile develops on the Ha Tri serpentinized peridotite rocks classi-
fied to the Cao Bang mafic-ultramafic complex (North Vietnam) and exhibits thick weathered zone (10-15m). This 
work carried out a detailed study of the weathering profile at the center of Ha Tri massive. Samples from different 
horizons of the profile were collected and analyzed in detail by XRF, XRD and SEM-EDX methods to establish the 
relationship between the Ni-rich supergene products and the parental peridotites (lherzolite) rocks in Ha Tri massive. 
The results show that the saprolite horizon is most Ni-rich in the weathering profile in Ha Tri. In this horizon, Ni-
silicate minerals of garnierite group such as pimelite, nepouite and other Mg-Ni silicates have been found. The ap-
pearance of minerals of garnierite group is due to the exchange of Mg by Ni during weathering of peridotite minerals, 
especially olivine, which leads to the enrichment of the supergene Ni. The occurrence of Ni silicates suggests the ex-
istence of the supergene Ni ore in the weathering profile of the Ha Tri massive.  
Keywords: Supergene nickel ore; weathering profile; Ha Tri peridotites; garnierite; Ni-enriched clay minerals.   




Nickel laterites are regolith materials de-
rived from ultramafic rocks, such as perido-
tites (Trescases, 1975; Golightly, 1981; 
Brandet al., 1998). Weathering of the rocks 
results in enriched horizons so that minor el-
ements such as Ni, Co, and Mn contained in 
the unaltered parent rock become enriched in 
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the laterite profiles (Brand et al., 1998; 
Freyssinet et al., 2005; Golightly, 2010). 
Nowadays, nickel laterites become an im-
portant resource of nickel and ferronickel and 
account for approximately 40% of world an-
nual nickel production (Gleeson et al., 2003). 
Of the 130 million tonnes (Mt) of nickel in 
land-based resources containing over 1% 
nickel, approximately 60% is in laterite de-
posits (USGS Mineral Commodity Summary, 
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2002).These deposits are produced by the pro-
longed and deep weathering of ultramafic 
rocks, such as peridotite, generally in humid 
tropical to subtropical climates. As a conse-
quence, many recently formed and actively 
forming deposits are situated in equatorial 
latitudes, where major producing countries of 
nickel laterite ores are located (e.g, New Cal-
edonia, Cuba, Philippines, Indonesia, Colom-
bia, and Australia). Studies on nickel deposits 
coupled with chemical analyses have been 
widely documented (Colin et al., 1990, 
Golightly, 1981 and Pelletier, 1996). During 
weathering, some elements become leached 
(e.g, magnesium, calcium and silicon) and 
others either are secondarily enriched (e.g, 
nickel, manganese, zinc and yttrium) or resid-
ually concentrates (e.g, iron, chromium, alu-
minum, titanium and zirconium) within later-
ite profiles (Brand et al., 1998).  
Vietnam locates in the humid tropical zone 
and the territory has some ultramafic intru-
sions, but previously there was little infor-
mation on the presence of nickel laterite 
(Nguyen Van Pho, 2013); only recently dis-
covered epigenetic nickel in weathering crust 
in Ha Tri peridotites, Cao Bang complex. The 
typical profile exposed in the open pit was 
studied and detailed examinations were per-
formed on the vertical profile. Field descrip-
tions were supplemented with the study of 
oriented samples by optical microscopy, X-
ray diffraction (XRD), and scanning electron 
microscope (SEM). The most Ni-rich smec-
tites were studied by extended X-ray absorp-
tion fine-structure spectroscopy (EXAF). The 
results of this study are discussed in this  
paper.  
2. Geological setting 
Ha Tri is a northeastern massif in the chain 
of mafic-ultramafic massifs in the Cao Bang 
complex (Figure 1), that trends NW-SE about
40 km in length and intrudes Permian-Triassic 
and Triassic volcanic-sedimentary sequence 
of the Song Hien Formation (Hoa et al., 
2008a,b; Hoang et al., 2010; Tri and Khuc, 
2011).  
Like other massifs in the Cao Bang com-
plex, Ha Tri massif consists mainly of the 
mafic-ultramafic unit which is composed of 
lherzolite, and websterite olivine melanogab-
bro, plagioclase-bearing wehrlite and gab-
bronorite, and the mafic unit which is com-
posed of olivine-free dolerite and leucogab-
bro. The plagioclase-bearing lherzolite is lo-
cated in the central part of the intrusion, and 
the melanogabbro is confined to its marginal 
areas. The plagioclase-bearing wehrlite is less 
abundant that forms a quenched contact zone 
between the olivine melanogabbro and the 
country rocks. The gabbronorite occurs as 
dykes cutting the plagioclase-bearing lher-
zolite (Hoa T.T et al., 2008a,b). The studied 
profile is located in weathering core in the ul-
tramafic part of Ha Tri massif, consisting pre-
dominantly plagioclase bearing lherzolite and 
lesser websterite. The rocks are usually grey, 
dark grey, sometimes grayish green. A de-
tailed description of the mafic and ultramafic 
rocks of Cao Bang complex can be found in 
Thanh (2014) and Svetliskaya (2016). Plagio-
clase- bearing lherzolite comprises of olivine 
ranged from 40 to 70% or more, clinopyrox-
ene (15-20%), orthopyroxene (a few percent), 
plagioclase (up to 10%). Cr- spinel and red-
dish-brown phlogopite are common as acces-
sory minerals. Ore minerals such as magnet-
ite, ilmenite, and sulfides (pyrite, pyrrhotite, 
chalcopyrite) are common in the rocks. Sec-
ondary minerals are hornblende, chlorite and 
serpentine. Olivine usually is strongly serpen-
tinized, many olivine crystals are completely 
serpentinized. The rocks are characterized by 
the subhedral structure with euhedral olivine 
and anhedral pyroxene crystals. 
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Figure 1. Geological map of Ha Tri-Suoi Cun area, Cao Bang province. 1. Mia Le Formation (D1ml); 2. Bac Son 
Formation (C-P2bs); 3. Bang Giang Formation (P3-T1bg); 4, 5, 6. Song Hien Formation: 4. Sub-formation (Strata) 1 
(T1sh1), 5. Sub-formation (Strata) 2 (T1sh2), 6. Sub-formation (Strata) 3 (T1sh3); 7, 8. Cao Bang Formation: 7. Sub-
formation (Strata) 1 (N13cb1), 8. Sub-formation (Strata) 2 (N13cb2); 9. Quaternary sediments; 10, 11. Mafic-
ultramafics Cao Bang Complex: 10. Phase 1 (νP3T1cb1), 11. Phase 2 (σP3T1cb2); 12. Granite Nui Dieng Complex 
(γnT1-2nd); 13. Tectonic faults; 14. Location of study area. (modified from Geological maps of sacle 1:50000, Trung 
Khanh lists (Nguyen Cong Thuan, et al. 2005) and Cao Bang - Dong Khe lists (Nguyen The Cuong, 2000))  
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3. Material and Methods  
3.1. Field observation  
Weathering profile in the open pit at Ha 
Tri varies in thickness and continuity for indi-
vidual layers. Intense post-erosion processes 
are unlikely after lateritization in Ha Tri, 
however, possibilities of erosion cannot be 
absolutely ruled out considering the incline 
geomorphology of the study area. The profile 
formed on almost serpentinized peridotite, 
that which forms the base of the profile. This 
profile is up to 15 m thick and consists of 3 
main layers (Figure 2a).  
At the bottom, the 2-m-thick coherent lay-
er represents the earliest stages of weathering. 
Rocks in this layer vary from greenish-black 
to beige in color. Although the rock is coher-
ent, it is cut by a network of cracks filled with 
and greenish smectite. These cracks formed 
along tectonically induced joints. The weath-
ered rock between these cracks consists of ol-
ivine and pyroxene that are partly altered to 
smectite. However, the smectite is not well 
developed except where the parent rock is 
strongly fractured. Because the original struc-
tures are well preserved, the weathering in this 
layer have been isovolumetric.  
The overlying saprolitic layer develops 
from further weathering of the fractured bed-
rock. It is browner, thicker (8 m), and more 
friable than the underlying coherent layer. Al-
so, the residual joint-bounded blocks become 
rounder and decrease in size upward. Between 
blocks, the greenish matrix is cut by centime-
ter- to millimeter-thick cracks that are filled 
with greenish materials (Figure 2b). Toward 
the top of this layer only a few small pieces of 
brownish rocks persist and are scattered in a 
green-brown clayey matrix and it still pre-
serves the original rock structures.  
     
Figure 2. Weathering profile with Ni supergene mineralization (green color) in open pit wall at Ha Tri village (a), 
and garnierite in the filling fractures (b) 
The clayey ferruginous layer is 4 m thick 
and consists of reddish to whitish, variegated 
clay-sized goethite and kaolinite. This part of 
the profile has been compacted so that the 
primary structure of the parent rock has been 
destroyed. The nodular layer is a 2-m-thick 
zone made up of a powdery red ferruginous 
material (goethitic nodules). Dark manganese 
oxide blebs or nodules are commonly ob-
served in a top zone within the oxide matrix 
associated with the surface organic zone 
which randomly hosts visible iron crusts. 
3.2. Analytical methods  
A sampling of the lateritic profile was car-
ried out in the wall of the open pit at Ha Tri 
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location. Bulk chemical compositions of sam-
ples were determined X-ray fluorescence 
(XRF) technique. The morphological proper-
ties and major elements were examined by us-
ing the scanning electron microscope (SEM) 
with energy dispersive X-ray spectroscopy 
(EDS), (FEI Quanta 450) at the Institute of 
Geological Sciences, VAST. Clay minerals 
were analyzed by X-ray diffraction (XRD). 
For this method, analyses were performed on 
oriented mounds, using an X-ray diffractome-
ter (PANalytical - Empyrean) at room temper-
ature, using Cu Kα target with a voltage of 45 
kV and a current of 40 mA at the Institute of 
Geological Sciences, VAST. The grain rims 
morphology was examined by Scanning elec-
tron microscopy (SEM), and the Ni content 
was determined semi-quantitatively using an 
energy dispersive spectrometer. Instruments 
used were a FEI Quanta 650, Institute of  
Geological Sciences, VAST, operating at 10-
30 kV accelerating voltage, 3 × 10-12 A pri-
mary beam current, and 9-20 mm working 
distance.  
3. Results and Discussion  
The XRD results for different depths of the 
representative profile show that the mineralo-
gy changes according to a certain rule and that 
each layer has the distinct mineral association. 
The coherent layer has peaks for the serpen-
tine polymorphs, amphibole, antigorite, diop-
side chrysotile, mica, talc and chlorite (Figure 
4c). In the saprolitic layer, mainly clay miner-
al, kaolinite, vermiculite occur; especially 
here appeared willemsite (hydrated silicate 
Ni). Nevertheless, in this layer, relicts of ser-
pentine and talc were still detected by XRD 
(Figure 3a). The ferruginous layer is soft and 
friable consisting goethite, kaolinite, chlorite 
and quarts (Figure 3b).  
Compared to the basement rock mineralo-
gy, the primary mineralogy and texture of the 
host rock are totally destroyed in the encrust-
ed ferruginous zone. Goethite and kaolinite 
are predominant minerals alternating the pri-
mary minerals. An iron cap (ferricrete or duri-
crust) is often found at the top of the weather-
ing profile and the cap grades downward 
through a transitional zone of limonite to a 
saprolite zone transitional into bedrock. Sap-
rolite is a zone of rapid change and of maxi-
mum supergene enrichment of nickel. The 
protolith or bedrock is mainly peridotite, 
harzburgite, or lherzolite and their serpentin-
ized equivalents. This mineralogical and 
chemical zonation appears common when 
compared to other weathering profiles of ul-
trabasic rocks reported in the literature 
(Delvigne et al., 1979; Fontanaud, 1982; Na-
hon & Colin, 1982; Nahon et al., 1982a,b; 
Paquet et al.,1983; Colin et al., 1985, 1990).  
The chemical data of the parent rock and 
of the layers are given in Table 1. In order to 
evaluate gains and losses during supergene 
weathering at Ha Tri, we choose the approach 
of mass balance calculations which was em-
ployed successfully by previous authors on 
weathered rocks (e.g. Moroni et al., 2001). 
The percentage gain or loss in the concentra-
tion of each element in weathered samples 
was compared with that of the parent rock ac-
cording to the equation:  
                   ∆% = ⌊
𝑋𝑎/𝐼𝑎
𝑋𝑢/𝐼𝑢
⌋ × 100                 (1) 
where Xa and Xu are the element concentration 
in the weathered sample and the parent rock 
respectively. On the other hand, Ia and Iu are 
the concentration of an immobile element in 
the weathered sample and the parent rock, re-
spectively. Applying this decisive factor and 
according to Nesbitt and Wilson (1992), chro-
mium is the opted immobile element for Ha Tri 
samples compared to TiO2 or Zr. The parent 
peridotites at Ha Tri, that lies just at the bottom 
of the profile are used for the mass balance cal-
culation. The results of mass balance calcula-
tions for layers are given in Table 1.  






Figure 3. XRD patterns of protolith unit from Ha Tri (a) CB-03 =10 m, (b) CB-04 = 4m, (c) CB-07 = 8m, depth 
samples respectively. The spectrum was obtained using an X-ray diffractometer ’Rigaku’ at room temperature, using 
Cu Ka target with a voltage of 40 kV and a current of 20 mA. The scan range (2q) was 2-65° with a step size of 0.02° 
 
(b) 
Vietnam Journal of Earth Sciences, 40(2), 153-164 
159 
















SiO2 37.48 40.95 -20 42.22 -45 46.66 -50 4.30 -98 
MgO 40.60 26.11 -50 16.16 -60 3.73 -95 6.50 -90 
CaO 0.41 0.02 -95 0.03 -95 0.04 -95 6.00 -100 
Fe2O3 8.22 14.46 30 9.10 -45 21.55 0 72.60 15 
Al2O3 0.26 1.49 230 6.33 1.075 1.60 135 5.67 190 
Cr2O3 0.36 0.75 0 0.79 -30 1.08 -25 4.26 0 
MnO2 0.15 0.25 25 0.37 20 0.47 20 0.20 -80 
NiO 0.30 1.14 190 7.47 1.100 5.26 570 0.75 -70 
CoO 0.01 0.02 50 0.06 255 0.81 1.990 0.02 -70 
CuO 0.01 0.01 -25 0.03 45 0.06 130 0.05 -30 
H2O 13.78 12.82 -25 13.74 -50 17.66 -50 11.70 -90 
 
Figure 4. The XRD patterns and mineral aggregate of “garnierite” group in sample of filling fracture in  
saprolite horizon of weathering profile in Ha Tri 
 
Mass balance calculations indicates that, 
from the serpentinized peridotite to the coher-
ent layer about 50 percent of the MgO and 20 
percent of the SiO2 have been removed. On 
the other hand, NiO shows an enrichment of 
190 percent over the value in the parent rock. 
The abundances of the other elements indicate 
that they have been neither increased nor de-
pleted. The saprolitic layer relative to the par-
ent rock, 50 percent of the SiO2 and 80 to 95 
percent of the MgO have been lost; within this 
layer, NiO shows a gain ranging from 1,100 
percent (bottom) to 570 percent (top). In the 
clayey ferruginous layer mass balance calcu-
lations made assuming a constant content of 
Cr2O3 indicates a gain in Al2O3 and a signifi-
cant loss of NiO.  
Based on petrography, mineralogy and ge-
ochemistry of the parent samples studied, the 
schematic process affecting the peridotites 
which subsequently gave rise to the develop-
ment of the weathering crust in Ha Tri is 
characterized by, (i) obliteration of bedrock 
which resulted in dissolution and (ii) subse-
quent limonitization. During obliteration and 
dissolution stage, smectites form and incorpo-
rated with the chromium presumably released 
during primary minerals alteration. But, as the 
weathering proceeds mobile elements like 
magnesium and silicon are preferentially 
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leached (Bonifacio et al., 1997), leaving less 
mobile elements, like iron, chromium and 
aluminum in the profiles and form substituted 
oxides such as goethite and gibbsite. 
Coherently, we suggested that the leaching 
process of magnesium is attributed to the for-
mation of nontronite depicted by XRD on the 
profile (see Figure 4). Presence of willemseite 
is in agreement with the results presented by 
Bosio et al. (1975) and Decarreau et al. 
(1987), who found nontronite in the Jacuba 
garnierite.  
More detail analysis of samples filling 
fractures, featureless voids, and cavities or as 
interstitial veins in the joints separating ser-
pentine blocks in the lower part of the sapro-
lite horizon, we discovered millerite, nepouite, 
spinel ferrian and magnesium-nickel silicate 
(Figure 5). Millerite is thought to form from 
sulfur and nickel which exist in pristine oli-
vine in trace amounts, and which are driven 
out of the olivine during metamorphic pro-
cesses; it is commonly a supergene enrich-
ment of Ni in secondary sulfides at the base of 
the profile (Butt & Nickel, 1981). Besides 
millerite, the mineral aggregate in samples 
consists members of garnierite group (e.g. 
Brindley and Hang, 1973; Springer, 1974; 
Pelletier, 1983). These minerals can be 
formed by different combinations of the three 
main Mg-Ni solid solutions with serpentine, 
talc, and sepiolite-like structures; clays (chlo-
rites and smectites) being absent (Wells et al., 
2009; Tauler et al., 2009; Villanova-de-
Benavent et al., 2011a). Often, they have been 
removed from their original emplacement and 
have accumulated in cavities, forming brecci-
as (Cluzeland Vigier, 2008). The most com-
mon and most studied occurrences of garnier-
ites are found in the less serpentinized ophio-
lite-related peridotites of mantle origin as in 
New Caledonia (Trescases, 1975; Wells et al., 
2009) and in the Caribbean (Gleeson et al., 
2003; Lewis et al., 2006).  
The progressive enrichment of Ni in the 
saprolite horizon occurs by means of two dif-
ferent processes. The dominant process is the 
direct replacement of pre-weathering miner-
als, such as olivine and serpentine, by Ni Fe-
enriched lizardites and by Ni-rich smectites. 
In the minerals formed by replacement, Fe 
and Ni increase at a percentage range (see Ta-
bles and plots in Figure 5). The second pro-
cess involves the precipitation of Mg-Ni phyl-
losilicates (Al-free garnierites) from aqueous 
solution. As described above, the garnierites 
form as fracture fillings, veins, and breccias. 
In contrast to the minerals formed by re-
placement, the garnierites are characterized by 
low Fe and are essentially free of Al. These 
garnierite minerals and the conditions of the 
precipitation process by which they form are 
the occurrences of supergene enrichment of 
nickel. 
Here we may propose three related, simul-
taneous phenomena: (1) supergene enrichment 
of Ni in a group of secondary phyllosilicates 
precipitating in Ni-laterite profile were found 
to be very helpful for this; (2) simultaneous 
precipitation of Mg-Ni-phyllosilicate solid so-
lutions; and (3) the spatial and temporal evo-
lution of garnierites towards more silica-rich 
members, from serpentine to talc and sepio-
lite-type minerals, as has been described pre-
viously (e.g. Golightly, 1981; Freyssinet et al., 
2005). A simplified chemical system which is 
useful in the description of the stability rela-
tions among the Ni-containing phyllosilicate 
phases consists of four components: MgO, 
NiO, SiO2, and H2O. For aqueous solution the 







H2O. As garnierites are Fe-poor (<0.5 wt.% 
Fe) indicating a secondary origin (Pelletier, 
1983; Manceau and Calas, 1985; Manceau et 
al., 1985; Proenza et al., 2008; Wells et al., 
1999), Fe was not included in the system. Its 
inclusion would increase the complexity of 
the system without affording significant new 
information regarding the distribution of Ni 
among the main phases present. After weath-
ering, residual Fe of the parent rock is concen-
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trated in a highly insoluble limonitic horizon, 
formed mainly of goethite, hematite, and ma-
ghemite. This horizon is best defined by the 
complete disappearance of the primary sili-
cates and is distinct from the heterogeneous 











C K 2.81 6.18 9.9 23.59 
O K 33.99 56.16 590.45 7.36 
MgK 0.66 0.72 13.41 35.81 
AlK 0.86 0.85 22 22.47 
SiK 16.92 15.93 506.23 5.96 












C K 15.02 23.55 38.01 13.31 
O K 48.25 56.8 443.14 7.99 
MgK 1.32 1.02 21.45 19.76 
AlK 7.91 5.52 149.04 7.09 
SiK 12.25 8.21 241.2 5.94 
NiK 15.26 4.9 37.67 14.51 
Figure 5. Scanning electron microscope (SEM) photomicrographs and approximately chemical composition of  
twopoints: (a) in cavity rims and (b) in the surface of crack (b) in saprolite horizon of Ha Tri weathering profile.  
Ni contents in both two points are high 
The SEM analyses plotted in Figure 6 
show post-serpentinization process results in 
replacement of magnesium by nickel. The 
magnesium replacement process could be at-
tributed to ionic exchange reaction such as 
Mg serpentine + Ni
2+
 = Ni-rich serpentine + 
Mg
2+
. This process leads to enrichment of Ni 
and depletion of Mg in the saprolite horizon, 
which can be seen in the results of SEM anal-
ysis (Figure 6). Subsequent to the dissolution 
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process is the limonitization, which involve 
crystallization of Fe oxyhydroxides (e.g, goe-
thite and hematite) dominant in the overlying 
limonite horizon at Ha Tri. According to Bec-
quer et al. (2006) and Garrnier et al. (2006), 
aluminum, chromium, and nickel released 
during the weathering of primary minerals can 
be incorporated into iron oxides. This oxide-
rich portion of the profile is referred to infor-
mally as limonite and the volume of the upper 
collapsed portion may be as little as ~15% of 
the original rock (Golightly, 1981).  
  
  
Figure 6. The linear scanning electron microscope photomicrographs of cavity rims in saprolie horizon of Ha Tri 
weathering profile. The opposite variation in Mg and Ni contents is an evident of replacement of Mg-Ni in solid-
solution of Mg-Ni-phyllosilicates extending from Mg and Ni end members 
The Mg-Ni-phyllosilicates are members of 
three solid-solution series extending from Mg 
and Ni end members (e.g. Springer, 1974, 
1976; Brindley et al., 1979; Gleeson et al., 
2003; Tauler et al., 2009; Wells et al., 2009; 
Reddy et al., 2009; Villanova-de-Benavent et 
al., 2011b). The stable solid solution between 
Mg and Ni end-members in the structures of 
these minerals must be possible at atmospher-
ic temperatures and pressure. Therefore, a 
complete solid solution between Mg and Ni 
end-members is a reasonable hypothesis. The 
terminology used here for the end-members, 
composition, and structure for the solid solu-
tions are: serpentine (Mg3Si2O5(OH)4), 
nespouite  (Ni3Si2O5(OH)4); kerolite (or  
hydrated talc) Mg3Si4O10(OH)2·H2O),  
pimelite (or hydrated willemseite) 
(Ni3Si4O10(OH)2·H2O); and sepiolite 
(Mg8Si12O30(OH)4(H2O)4·8H2O) falcondoite 
(Ni8Si12O30(OH)4(H2O)4·8H2O) (Brindley and 
Hang, 1973; Brindley and Maksimovic, 1974; 
Springer, 1974; Brindley and Wan, 1975; 
Brindley et al., 1979). 
4. Conclusions 
The lateritic weathering crust developed at 
Ha Tri, Cao Bang, is broadly similar to sapro-
Vietnam Journal of Earth Sciences, 40(2), 153-164 
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lite nickel laterite deposits around the world. 
The mineralogical and geochemical process 
which affected the ultramafic bedrock of Cao 
Bang complex and gave rise to the weathering 
crust in Suoi Cun is characterized by oblitera-
tion and dissolution of bedrock followed by 
limonitization. The Ni enrichment in Ha Tri is 
inferred to be attributed to percolation of sur-
face solutions and the result of an ionic ex-
change reaction as: 
Mg serpentine + Ni
2+
= Ni-rich serpentine + Mg
2+
 
With pronounced weathering, all relicts of 
bedrock and saprolite were obliterated and the 
limonite zone was formed. Therefore, we sug-
gest that following the dissolution processes 
limonitization where iron oxides (goethite in 
particular) are dominant in the overlying li-
monite horizon at Ha Tri. In the upper part of 
the profile, leaching of Mg favored formation 
of nontronite. Nickel is a marker in the vari-
ous horizons and appears in various mineral 
associations; generally with iron oxides 
(mainly as goethite) defining the limonitic 
zone, unclear association with smectite 
(nontronite) and with serpentine in the sapro-
litic horizons.  
Significant nickel enrichments are very 
partial in limonite zones but are chiefly devel-
oped in the saprolite zone indicating water 
movement through these zones downward to a 
very low water table, meaning much of the 
nickel in Suoi Cun profile percolated down-
wards and reprecipitated in the saprolite 
zones. Nickel content decreases upward the 
weathering profile and it is removed during 
the recrystallization of goethite and the leach-
ing of manganese oxide phases. Crystalliza-
tion of iron oxide in the form of goethite often 
has the low capacity for nickel fixation. This 
could also allow easy capture of the metal by 
percolating down water from the limonitic 
horizon and redeposited in the saprolitic re-
gion at Suoi Cun. Conversely, nickel in Suoi 
Cun has been substituting Mg in altered sili-
cate during the earlier phases of the weather-
ing, incorporated as concretions with other el-
ements, leached from the limonite concre-
tions, moves down the profile under the influ-
ence of gravitated percolating water, and fi-
nally redeposited in the saprolite zone, hosted 
by hydrous silicates.The presence of the hy-
drous silicate type (minerals of garnierite 
group) at the lower saprolite horizon in 
weathering profile are evidence of supergene 
nickel ore.  
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